ABSTRACT
wide range of pesticides has been developed to combat unwanted organisms in food production activities 23 such as agriculture and aquaculture. Meanwhile, these chemicals may also pose hazards to nontarget 24 species by causing molting defects, and thus potentially affecting the health of the ecosystems. The 25 present review summarizes the available knowledge on molting-related endocrine regulation and 26 chemically-mediated disruption in arthropods (with special focus on insects and crustaceans), to identify 27 research gaps and develop mechanistic model for assessing environmental hazards of these compounds.
28
Based on the review, multiple targets of EDCs in the molting processes were identified and the link 29 between mode of action (MoA) and adverse effects characterized to inform future studies. An adverse 30 outcome pathway (AOP) describing ecdysone receptor agonism leading to incomplete ecdysis 31 associated mortality was developed according to the OECD guideline and subjected to weight of 32 evidence considerations by evolved Bradford Hill Criteria. This review proposes the first invertebrate 33 ED AOP and may serve as a knowledge foundation for future environmental studies and AOP 34 development. 35 36 37
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 INTRODUCTION
43
Molting is a natural biological process in arthropods. During molting, the animal generates a new 44 exoskeleton and sheds the old one in order to grow and develop. A complete molt cycle includes 45 detachment of the old cuticle (apolysis), generation of the new cuticle, degradation and re-uptake of the 46 old cuticle, shedding of the old cuticle (ecdysis) and tanning of the new cuticle. 1, 2 Successful molting is 47 key to survival, development and reproduction. 3 Over half a century research on arthropod 48 endocrinology reveals that molting is precisely controlled by a complex multi-hormone system, with 49 20-hydroxyecdysone (20E) being the key hormone mediating various physiological and behavioral 50 changes that are essential for molting. 4 The hormonal action of 20E is exerted through activation 51 (agonism) of the ecdysone receptor (EcR), an invertebrate nuclear receptor responsible for 52 transcriptional regulation of molting. Based on this mode of action (MoA), endocrine disrupting 53 chemicals (EDCs) targeting the EcR have been developed as insect growth regulators (IGRs), pesticides 54 and anti-parasite pharmaceuticals for control of "harmful" arthropods. However, due to highly 55 conserved endocrine systems in arthropods, 5-9 the environmental residues of these EDCs may also affect 56 ecologically and economically important nontarget species, such as aquatic crustaceans (e.g. crabs and 57 lobsters). Substantial efforts are therefore needed to assess the environmental hazards and risks of EDCs 58 to nontarget arthropod species.
59
The high number (over a million described) of species in the phylum of Arthropoda (Animalia, 60
Eumetazoa, Ecdysozoa) and wide range of EDCs make it impossible to conduct toxicity tests for every 61 species or chemical. Potential solutions may include developing ecotoxicological model species 62 (forecaster species) that are phylogenetically related, and identifying chemicals with the most relevant 63
properties by computational (in silico) approaches such as quantitative structure-activity relationships 64 (QSAR) and structural alerts along with identifying relevant bioactivities. The adverse outcome pathway 65 (AOP) framework 10 fits this purpose well. Employing the AOP framework, causal relationships linking 66 initial perturbation of a biological system resulting from chemical interaction with a target biomolecule 67 (termed molecular initiating event) to adverse outcomes (AOs) considered relevant from a risk 68 assessment/regulatory perspective via a series of measurable biological events spanning multiple levels 69 of biological organization are defined. These relationships are supported by fundamental understanding 70 of the structural and functional relationships between the measurable key events (i.e., biological 71 plausibility) as well as evidence that associates a change in an upstream event with a consequent change 72 in a downstream event. Thus, the quality and robustness of an AOP can be evaluated based on a weight 73 of evidence (WoE) approach, according to the General Assessment Factors (GAFs) for assessing the 74 quality of individual scientific publications and Bradford Hill considerations for assessing causality.
11-
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14 Since an AOP is not species-or chemical-specific, extraction and synthesis of consensus information 76 from different taxa and chemical domains for construction of models with broad applicability is 77 facilitated. 15, 16 The discovery, development and application of AOP may be further expanded using 78 advanced in sillico prediction, bioinformatics, broad content OMICS approaches, high-throughput 79 laboratory screening bioassays for identification of MIE and KEs at the molecular/cellular level across 80 taxa and stressors. The successful anchoring of data along the AOP continuum can potentially inform 81 regulatory processes by directing the use of testing resources; perform screening and prioritization of 82 chemicals, limiting experimental animal testing, supporting Integrated Approaches to Testing and 83 Assessment (IATA).
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84
As an initial effort in invertebrate AOP development, the current review focuses on EcR agonism-85 mediated molting disruption and subsequent lethality in arthropods. The aim of the work was to review 86 available knowledge, primarily for insects and crustaceans, in order to assemble an AOP and identify 87 critical research gaps to address in future studies. An extensive literature survey was conducted to 88 provide an overview of neuroendocrine regulation of molting and molting related ED effects. Based on 89 the review, an AOP is proposed and evaluated for WoE and applicability. Regulation of Cuticle Tanning. Tanning occurs following the secretion of new cuticle and is mainly 299 comprised of two processes, sclerotization (hardening) and melanization (darkening). 212 As described 300 by Kramer and co-workers, 213 the new cuticle tanning takes place both before (pre-ecdysis) and after 301 ecdysis (post-ecdysis). The post-ecdysis tanning is better characterized than pre-ecdysis tanning, as 302 dramatic changes are observable following the shedding of old cuticle. 103 For melanization, dopamine 303 melanin is utilized by most insects as a darkening agent. 214 Dopamine melanin is a metabolic product of 304 the amino acid tyrosine. In this metabolic process, tyrosine is first hydroxylated to 305 dihydroxyphenylalanine (DOPA) by tyrosine hydroxylase (Th, encoded by Ple), then decarboxylated to 306 dopamine by DDC (encoded by Ddc). After a few more reactions catalyzed by di-phenoloxidase, 307 dopamine is finally converted to dopamine melanin. 214 For sclerotization, the N-acetyltransferase 308 catalyzes the N-acylatation of dopamine to the tanning agents N-acetyldopamine (NADA) and N-β-309 alanyldopamine (NBAD). The tanning agents are then secreted by the epidermis to the cuticle for cross-310 linking proteins and chitin. As a result, the cuticle becomes hardened and hydrophobic. 212 
311
The regulation of cuticle tanning in arthropods is thought to be mediated by a neuropeptide hormone, 312 bursicon (Burs), which is thought to play a central role in the regulation of post-ecdysis tanning. Incomplete ecdysis. The adverse effects of EcR agonists on molting have not been universally 337 defined. However, a few observed phenomena such as "precocious molting", "incomplete ecdysis" and 338 "premature molting" have been frequently reported. These terms refer to the same phenotypic effect 339 characterized by an animal failing to completely shed its old cuticle during a molt cycle, while the new 340 cuticle is generated (i.e. presence of a double-layer cuticle, Fig. 2 ). This molting defect is usually lethal, 341 possibly due to growth arrest and/or lack of feeding. In insects, the 5 th instar larva of the spruce budworm 342 (Choristoneura fumiferana) fed or injected with 100 ng TEB for 48h failed to separate the old cuticle 343 from the new. 225 Oral administering of 0. and incomplete ecdysis can be established and described using an AOP framework. 375 376 AOP Assembly. Based on the knowledge from arthropod endocrinology and experimental
377
evidences from ED studies, a conceptual AOP describing "ecdsyone receptor agonism leading to 378 incomplete ecdysis associated mortality" was constructed and submitted to the AOP-Wiki 379 (https://aopwiki.org/aops/4), a publicly accessible and internationally harmonized source of AOP 380 information. This AOP starts with direct activation of EcR by agonists as the MIE, followed by 381 sequential occurrence of 8 KEs at different organismal levels leading to mortality as the AO (Fig. 3) for the essentiality of this KE in the pathway (Fig. 3) . Similarly, data showing that null mutation of the 402
Eth gene in Drosophila leads to lethal incomplete molting and that injection of synthetic Eth1 rescues 403 the deficit 177 provide strong support for the essentiality of KE-3 in the AOP (Fig. 3) 
